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INTRODUCTION 
Ultrasonic measurement of elastic properties has been widely exploited to 
characterize the behavior of a variety of media. For composites, the task is somewhat 
more complicated than for conventional, isotropic materials as additional moduli 
require additional measurements with a concomitant growth in the algebraic 
complexity of the calculations. Furthermore, acoustic waves propagating in an 
arbitrary direction in an anisotropic media will, in general, be neither pure longitudinal 
or pure transverse in character. Finally, in an anisotropic media, energy will not 
necessarily propagate with the phase velocity in the direction of the wave normal. 
This fact has an important impact in the placement of transducers and in the 
interpretation of experimental results. Nevertheless, complete ultrasonic 
characterization of the elastic properties of composites is possible and is currently 
being performed in several research laboratories. The ability to directly measure the 
elastic properties of a composite on a local basis has widespread implications for future 
directions in composite NDE. 
BACKGROUND 
The use of ultrasonic velocity measurements to characterize the elastic 
properties of composite materials is not new. The majority of early applications 
employed contact transducers along with sectioning techniques to determine moduli 
[1-2]. Sectioning is necessary as it is possible to recover all the elastic moduli of 
transversely isotropic or orthotropic media, such as fiber reinforced composites, via 
direct measurement of longitudinal and shear velocities across the faces of a cubical 
sample. Early measurements of elastic moduli were not confined to destructive, 
sectioning experiments. Markham [6] demonstrated the capability of using multiple 
velocity measurements at oblique angles of incidence to recover the elastic moduli for 
transversely isotropic media. He also demonstrated the capability of mapping out 
slowness surface sections using an ultrasonic goiniometer. Smith [4] used a similar 
approach to demonstrate the validity of composite micromechanics equations to 
predict the macroscopic behavior of the composite from the properties of its 
constituent materials. 
Recently, there has been increased interest in the use of ultrasonic techniques to 
achieve this end. Hosten and coworkers [5] have been particularly active in developing 
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bulk wave techniques for composite microstructure characterization, including 
anisotropic viscoelastic moduli measurements. In their work with carbon-carbon 
composites, this group demonstrated the sensitivity of this type of measurement to 
processing conditions by tracking modulus development through various stages in 
production. Kline and coworkers [6] have been active in the adapting of these local 
measurements techniques to scanning configurations for mapping out elastic property 
variations. This work has not been limited to bulk waves. Guided wave techniques 
including plate wave techniques [7] as well as surface wave techniques [8] are actively 
being pursued by several groups. Also under development are methods which rely 
upon point or line sources [9]. While there is no consensus as to the optimal method 
for elastic modulus measurement, it is clear that this is an important aspect to the 
quantitative nondestructive evaluation of composite material properties. 
THEORY 
We begin with the equations of motion given by 
.. 
a··· = pu. 1J,J 1 
For an anisotropic, linearly elastic solid, we may write 
Therefore, we have 
Assuming a plane wave solution of the form 
u· = A a· exp[i(k(f.x.) - wt)] 1 0 1 1 1 
yields an eigenvalue equation for the phase velocities (eigenvalues) and wave 
polarizations (eigenvectors) 
Hence, 
where 
Thus, in any given direction, there are three possible acoustic waves whose phase 
velocities are known functions of the moduli and density. 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
Our objective here is the development of a procedure which could be used for 
the rapid, reliable determination of all nine elastic moduli in an orthotropic media. 
Here, we rely upon bulk wave propagation and the solution of nine nonlinear equations 
in the nine unknown moduli using the Levenberg-Marquardt algorithm. 
The measurement procedure is designed to take optimal advantage of material 
symmetry to avoid error propagation due to the coupling of the nonlinear equations. 
The geometry of the experiment is shown in Fig. 1. First, we determine C22 directly 
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Fig. 1. Experimental geometry. 
from the velocity of longit udinal wave propagation «(h = 0) normal to the surface of 
the plate. Next, we use oblique incidence (radial direction at three different angles of 
incidence (0, = 5' , 15' , 20') as 
C66 cos 2 ¢+Cllsi n2 ¢>-pv2 (C I2+C 66 )sin¢cos¢ o 
2 . 2 2 (C I2+C 66 )sin¢cos<1> C66 sin <1>+C22cos ¢>-pv o =0 
o o 
Note that the pure mode transverse wave pV2 = C55sin2<1> + C44cos2<1> cannot be excited 
in immersion and the wave normal for the refracted wave 
sin<1> 
cos <1> 
o 
can be found from Snell's law 
sinO. ~ I sIn 
---v- = 
w 
This yields three equations for the unknown C Il , C 12, and C66. Similarly, for the 
transverse direction (Or = 90'), we have 
C66COS2¢+C55sin2¢>--pv2 0 0 
o C22cos2¢+C44sin2¢>-pv2 (C23 +C 44 )sin¢cos¢ =0 
o 
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and measurements at OJ = 5" , 15" , and 20" yield coupled nonlinear equations for C44, 
C23, and C33. The remaining two moduli C l3 and C55 are obtained at Or = 45". 
EXPERIMENTAL PROCEDURE 
The approach to characterizing C-C microstructure was based on ultrasonic 
velocity measurements. However, since as just shown, ultrasonic velocity 
measurements are sensitive to both elastic moduli and density in order to characterize 
the elastic anisotropy, it was necessary to have an additional local measure of density. 
In this case, radiographic test methods were employed for this purpose. A schematic of 
the test system is shown in Fig. 2 and is described below. 
ULTRASONIC TESTING 
To demonstrate these concepts, ultrasonic testing was performed in immersion 
on a full-sized sample space shuttle brake stator. In order to prevent moisture 
absorption during the inspection process, the samples were sprayed with an acrylic 
coating layer. The layer was sufficiently thin that it could be safely neglected in the 
time-delay measurements. For oblique incidence, a specially designed test fixture was 
fabricated for inspection at fixed angles of incidence. The inspection was performed by 
mounting the specimen on a turntable which allowed rotation of the ring in 1.2" 
increments. The scan equipment also permitted radially indexing the fixture in 0.5 cm 
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Fig. 2. Test system schematic. 
increments. In this way, it was possible to scan the part. It should, however, be 
pointed out that due to the use of oblique incidence, only the center region of the ring 
could be reliably inspected due to edge effects. This problem, of course, increases with 
increasing angle of incidence. In our experiments, we used a maximum angle of 
incidence of 20" which permitted inspection to within 1 inch of the part edges. Density 
measurements were obtained through digital imaging of sample radiographs . 
RESULTS AND DISCUSSION 
Using the procedure outlined above, the local densities and elastic stiffnesses 
were determined for the space shuttle stator. Typical results are illustrated in Fig. 3 
where the through thickness normal stiffness is shown. Of particular interest is the low 
stiffness regions near the top of the figure. Typical variations in moduli were :I: 10%. 
Since we were principally concerned with the development of a scanning 
methodology, one of the objectives of this work was to assess the effects of various 
sources of error on the accuracy of our measurements. Here, we focused on four 
important issues. 
• Accuracy of time delay measurements 
• Uncertainty in angular positioning 
• Convergence of algorithm to solve a coupled set of nonlinear equations 
• Deviation of energy flux vector from the wave normal 
Of most importance, in this regard, is the accuracy needed in measurement of 
the time delay. Here, we use a pulsed phase lock loop (P2L2) approach to track 
relative changes in local velocity with great precision (within 0.1 nano seconds). As 
the P2L2 only determines relative changes, transit times at the initial measurement 
point were required. This was achieved with a reference block adjacent to the 
specimen which was later sectioned and inspected ultrasonically. Moduli for the 
calibration block were determined using the procedures similar to those described in 
references [1-2]. 
As oblique incidence is required, angular position uncertainty due to alignment 
error and surface variability was a concern. This was investigated numerically by 
introdUCing angular position variability into the governing equations and examining 
the resulting effects on the recovered moduli. Typical results are shown in Fig. 4. 
From these measurements, we concluded that angular position accuracy was required 
to within 0.10 . This was achieved with flat, parallel specimen surfaces and an RVDT 
assembly to precisely measure the rotation angle of transducer assembly from the 
surface normal. 
Ci:) MOm Jl.tJS (Ml'a) 
(TlIr.TA Z SIIEAR ~ODULUS) 
Fig. 3. Typical modulus results. 
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In this investigation, we employed a nonlinear equation solving algorithm to 
extract the elastic moduli from the time delay measurements. This method requires an 
estimate of the elastic moduli to be in the search procedure. Of concern is the 
accuracy of the initial guess required to insure convergence as when scanning a large 
structure such as this one may encounter a considerable degree of material property 
inhomogeneity. To explore this further, we systematically varied the initial guesses for 
the elastic moduli and examined the convergence. Typical results are shown in Fig. 5. 
The algorithm was found to converge to the proper value when both guesses were 
within ± 50% of the actual solution . Note that if one of the moduli is well known, 
there is a much larger tolerance on the other moduli for convergence. From this study, 
we conclude that our results are independent of the initial guesses for most practical 
cases and the approach is suitable for the scan oflarge structures . 
A final issue of concern is energy flux deviation from the wave normal. This 
issue is of constant concern in making accurate ultrasonic measurements in anisotropic 
media. The problem arises from the fact that one experimentally measures group 
velocity while the governing equations for modulus determination are more 
conveniently expressed in terms of phase velocity. Here, as we were dealing with a 
numerical formulation it was relatively easy to adapt the governing nonlinear 
equations from phase to group velocity using 
C. ·kee .a. ae S - IJ ~ 1 R- pVpase 
where 
V group = mag(S) 
and 
S·l= V h p ase 
Thus, we used a formulation entirely based on group velocity. It should be pointed out 
that for certain experimental geometries, notably through transmission, researchers 
rlO-11] have shown that no energy flux correction is needed as the phase velocity can 
be directly determined from time delay measurements if the proper reference path is 
used. For through transmission experiments , this requires measurement of transit time 
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Fig. 5. Convergence region. 
relative to the direct ultrasonic signal through the water with no sample present. We 
have performed numerical simulations to compare the results from our code with 
results based on direct phase velocity determination from time delay measurements 
relative to a water- only reference path. The results were identical. 
CONCLUSIONS 
A nondestructive test method has been developed for determining the elastic 
properties of anisotropic media. 
The approach is based on transit time measurements for multiple angles of 
incidence and a numerical solution of the resulting coupled nonlinear equations for 
modulus determination. An initial guess of the elastic moduli is required. 
The method can be used in a scan mode to map out material inhomogeneities 
within a sample. 
The effect of several possible sources of error has been investigated. 
1. Methods for compensating for energy flux deviation from the wave normal 
and the resulting differences between phase and group velocity have been devised. 
2. Angular positioning was found to be critical for accurate measurements. A 
test fixture incorporating an RVDT was devised for accurate angular positioning. 
3. Results were found to be independent of the initial guesses for most practical 
cases. 
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